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Abstract 
Cold-formed steel portal frames are a popular form of construction for single-storey buildings of spans of up to 30 m. 
Such buildings typically use cold-formed steel channel-sections for the columns and rafters, with joints formed 
through back-to-back gusset plates bolted to the webs of the channel-sections. For such buildings, for frames of a 
given topography (where the span, height, pitch and frame spacing are all known) the choice of the cold-formed steel 
channel-section that results in either the minimum weight or minimum cost for the building can be determined easily 
for a given cold-formed steel manufacturer. This is because a typical cold-formed steel manufacturer would typically 
only have a finite number of discrete sections in their catalogue, and so in conjunction with frame analysis and design 
member checks, all the different permutations of sections can be considered. However, it is well-known that the 
minimum weight or minimum cost of a frame will not necessarily yield the most economical solution of the whole of 
building. In this paper, a study is conducted to investigate effects of frame topography on either the frame weight or 
cost per meter length of building. Thereafter, an optimization technique that uses a real-coded genetic algorithm is 
applied to search for the optimum topography of steel portal frame for a building. The advantage of using a real-
coded genetic algorithm is that a high precision optimum solution can be achieved easily when the optimization 
process works in the continuous search space. The result of a parametric study that investigates the effect of typical 
wind zones in Australia on the optimum parameters of building geometry is presented.  
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1.   INTRODUCTION 
For buildings of modest span of up to 30 m, cold-formed steel portal frames (see Fig. 1) are a popular 
form of construction, particularly in Australia, and are typically used for low-rise commercial, light 
industrial and agricultural buildings. Such buildings use cold-formed steel channel-sections for the 
columns and rafters, with joints formed through back-to-back gusset plates bolted to the webs of the 
channel-sections (see Fig. 2). Lim and Nethercot in 2002 described some of the advantages of using a 
cold-formed steel portal framing system over conventional hot-rolled steel portal frames.  
In the practical design of a cold-formed steel portal frames, involving use of sections from one cold-
formed steel manufacturer, an economical design can be achieved by selecting the appropriate sections 
for column and rafter through a number of different permutations of channel-sections. This is feasible 
since each cold-formed steel manufacturer would only have a discrete number of section sizes in their 
catalogue. More importantly, the parameters relating to configuration and topography of frame (frame 
pitch and frame spacing) are usually considered to be fixed.  
                                                         
Fig. 1: Cold-formed steel portal framing system                Fig. 2: Swagebeam eaves joint 
However, the topography of the frame (frame pitch and frame spacing) plays a key role in the overall 
structural response. Therefore, the determination of these parameters, in conjunction with the selection of 
the cold-formed steel sections as described above, can achieve an efficient cost building. The research 
described in this paper will concentrate on optimizing the portal frame topography, with the objective 
function being the minimum cost per meter length of building.  
2. DESIGN OPTIMIZATION OF PORTAL FRAME USING GENETIC ALGORITHMS 
Many methods have been proposed during the past decade to solve optimization problems. These 
methods can be divided into two main categories: deterministic and stochastic. The methods in the first 
category, known as mathematic programming, are more difficult to be implemented as they depend on the 
gradient information about the objective function. Compared with deterministic optimization techniques, 
stochastic methods have many advantages because they do not require differential information other than 
the objective function. Furthermore, heuristic search techniques search simultaneously by using a 
population of decision variable sets, and not a single solution as in deterministic way. With the ability of 
determining the optimum, or near-optimum solution, particularly if the optimization function is non-
continuous, non-differentiable and with any kind of constraints, stochastic methods are a powerful tool in 
non-conventional optimization problems (Eid et al. 2010). In general, some examples of stochastic 
methods are: Adaptive Random Search, Completive Evolution, Controlled Random Search, Simulated 
Annealing, Genetic Algorithms, Differential Evolution, Particle Swarm Optimization, etc (Tsoulos 2008). 
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Among stochastic techniques presented, genetic algorithm (GA) is a common method applied to solve 
optimization problems in the field of structural design optimization. 
In recent years, GAs have been successfully applied in structural optimization of hot-rolled steel portal 
frames (using elastic analysis). Firstly, the optimum design of nonlinear hot-rolled steel portal frames was 
carried out using binary-coded GA. The binary string for each design variable being the cross section 
areas of members is used to represent the sequence number from the standard universal beam sections set 
(Kameshki and Saka 2001). Thereafter, the design of pitched roof hot-rolled steel frames with haunched 
rafters was also optimized by binary GAs. The key discrete variables in this research are hot-rolled steel 
sections selected from standard steel sections table and haunch sizes (Saka 2003). To enhance the 
performance of GAs in finding the best optimum solution, a Distributed Genetic Algorithm (DGA) that 
uses a number of population groups and implements genetic operations in parallel is applied. Then the 
best populations of each group are allowed to migrate to another group to make the quicker convergence 
(Issa and Mohammad 2010). However, applying binary-coded GA will not be suitable when optimization 
problems involve continuous design variables other than cross-sections, for instance pitch of frame or 
frame spacing, etc. This is because, the higher precision that is required, the larger is the string length, 
thereby increasing the computational complexity of the algorithm (Deb 2001). In this case, a real-coded 
GA is an alternative method that has demonstrated its powerful capacity in solving the optimization 
problem. This application allows us to obtain precise results without the effect of the length of binary 
string. A real-coded GA was used in this research. 
3.  APPLICATION OF REAL-CODED GENETIC ALGORITHM 
In a real-coded GA, genetic operators are directly applied on real numbers and decision variables can 
be directly used to compute the fitness values. Since the reproduction operator works with fitness value, 
any reproduction operator used with binary-coded GAs can also be applied in real-coded GAs. In real-
parameter GAs, the encountered difficulty is how to use a pair of real-parameter decision variable vectors 
to produce a new pair of offspring vectors or how to perturb a decision variable vector with a mutated 
vector in meaningful manner. In the study here, we use simulated binary crossover (SBX) and polynomial 
mutation operators (Deb 2001).  
The simulated binary crossover (SBX) operator is used to produce offspring for next generation (Deb 
and Agrawal 1995) as follows: 
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where  ȕqi(Șc) is function of probability distribution for offspring after crossing over with Șc being 
distribution index for crossover; xi(1,t) and xi(2,t) are parent solutions; xi(1,t+1) and xi(2,t+1) are children created 
for the next generation. From (1), two offspring are created symmetrically about the parent solutions to 
avoid a bias towards any particular parent solution in a single crossover operation. 
Like in the SBX operator, polynomial mutation also uses probability distribution )( mi KG  as a 
polynomial function and the formulation for mutation operator has the form as follows (Deb 2001): 
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where xiU and xiL are the boundaries of decision variables; yi(1,t+1) is a new solution obtained in mutation 
operator and Șm being distribution index for mutation. 
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In general, the genetic algorithm framework for an optimal design is described in Fig. 3. The 
termination condition of GA program is a pre-specified number of generations. 
 
Fig. 3: A genetic algorithm framework for optimum design 
Since genetic algorithms are used to solve unconstrained optimization problems, penalty functions are 
required to define the relationship between the objective function and constraints and to transform a 
constrained problem to an unconstrained one. The effective fitness function often has the form as in 
following (Pezenshk et al. 2000): 
   F= W[1 + C]                                                                                                       (3) 
where F is the fitness function; W is the weight (or cost) of frame per unit length of building and C is 
the penalty value for each violated constraint. In this paper, penalty values are imposed based on the 
severity of constraint violation. With the assumption of full lateral restraint, constraint for ultimate limit 
state (ULS) is checked to column and rafter members of the frame in terms of local capacity check (unity 
factor). 
4.  EXEMPLAR FRAMES 
4.1.  Frame geometries 
In this paper, three cold-formed steel portal frames will be considered, namely Frames A, B and C. 
Each frame has different frame geometry (Table 1). Fig. 4 shows details of the exemplar portal frame, 
such as frame span of Lf, height to eaves of hf and frame pitch being Tf. Pitch angle and frame spacing for 
these frames is assumed to be 10 degrees and 4 m, respectively. Geometries and optimum section sizes 
for three exemplar frames are shown in Table 1. 
4.2. Frame loading 
It is assumed that frames A, B and C are located in three wind regions in Australia with the wind 
pressures of 1.45 kN/m2 (region C); 0.91 kN/m2 (region W) and 0.68 kN/m2 (region A1), respectively. 
Wind pressure is calculated according to Australian code from wind region. The vertical dead load is 0.05 
kN/m2, the live load is 0.25 kN/m2, cladding load is 0.05 kN/m2, and ceiling load is 0.05 kN/m2. In total, 
thirty-four ultimate limit state load combinations are considered.  
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Fig. 4: Geometry of the cold-formed portal frame 
Table 1: Geometries and section sizes for three exemplar frames  
 
Frame 
 
Span 
(m) 
 
Height 
(m) 
Section sizes for unit weight (kg/m) Section sizes for unit cost (AUD/m) 
Column 
section 
Rafter 
section 
Unit 
weight 
Column 
section 
Rafter 
section 
Unit  
cost 
A 15 3 BBC30030 BBC30030 135.46 BBC30030 BBC30030 384.82 
B 20 4 BBC30030 BBC30030 180.60 BBC30030 BBC30030 513.34 
C 25 5 BBC35030 BBC35030 269.46 BBC35030 BBC35030 791.60 
4.3. Member checks 
Each frame is designed in accordance with the Australian code (AS/NZS 4600:2005). In order to 
simplify the problem, it is assumed that there are sufficient purlins and sufficient points of lateral and 
torsional restraint so that member instability does not need to be checked. With this assumption of 
sufficient lateral and torsional restraint, only local capacity is checked for the column and rafter members 
for all ultimate limit state (ULS) load combinations as given in equation (4) below: 
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where Nc is the nominal member capacity of the member in compression; Mbx is nominal member 
moment capacity about the x-axis; N* and Mx* are design axial compression and bending moment, 
respectively; cI  and bI  are capacity reduction factor for compression and bending, respectively 
(AS/NZS 4600:2005). This local capacity check is applied at every node and in every load combination. 
4.4.  Effect of pitch 
To investigate the effect of pitch on the weight and cost per unit length of building, the pitch of the 
frames will be changed from 5 degrees to 30 degrees with the increment of 2 degrees. For every pitch of 
frame, section sizes of members are chosen by considering all the different permutations of sections, in 
conjunction with frame analysis and local capacity checks to determine the minimum weight per unit 
length of building or the minimum cost per unit length of building, independently. Only twenty channel-
Lf
hf 
șf 
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section sizes, ranging from C10010 to C35030, manufactured by Lysaght BlueScope will be considered. 
The unit weight or unit cost calculated will be inversely proportional to ULS factor. The channel section 
prices are based on approximate values in the Australian market. 
            
0
50
100
150
200
250
300
350
0 10 20 30 40
Pitch (degree)
Un
it 
w
ei
gh
t o
f s
te
el
w
or
ks
 (k
g/
m
)
Frame A
Frame B
Frame C
                 
0
100
200
300
400
500
600
700
800
900
1000
0 10 20 30 40
Pitch (degree)
Un
it 
co
st
 o
f s
te
el
w
or
ks
 (A
U
D/
m
)
Frame A
Frame B
Frame C
 
(a) Pitch-unit weight (kg/m) relationship             (b) Pitch-unit cost (AUD/m) relationship 
Fig. 5: Effect of frame’s topography on unit weight and unit cost of three exemplar frames 
As can be seen from Fig. 5, the pitch of frame has a large influence on the unit weight or unit cost of 
building for the three exemplar frames. The larger wind pressure, as shown in Frames A and B, the 
clearer this influence can be seen. Interestingly, the lowest value of each graph has the same pitch angle 
of 21 degrees.  
5.   TOPOGRAPHY OPTIMIZATION  
In the previous section, the effect of roof pitch was investigated. It was demonstrated that the choice of 
roof pitch has a large effect on optimum design of the frame. In this section, an optimization technique 
will be carried out to search for optimum topographies (i.e. roof pitch and frame spacing) of the three 
exemplar frames mentioned above using a real-coded genetic algorithm. The structural analysis and 
optimization procedure are programmed by Visual Basic language.  
5.1.  Optimization parameters 
In this Section, the objective function is chosen being the cost per unit length of building. The fitness 
function that combines the objective function and constraints has the form of equation (3) in Section 3. In 
the optimization process presented in this section, as described by Deb (2001), a crossover probability pc 
of 0.9, mutation probability pm of 0.1 and offspring distribution indexes (Șc and Șm) of 10 in both 
crossover and mutation operators have been used. In real-coded GA, these parameters are called to be 
exogenous ones that need to be tuned empirically for achieving the effective searching ability. In general, 
it is expected that the required population size would depend on the problem complexity. So, three 
different population sizes are considered to investigate the global convergence of optimization process in 
this study. 
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5.2. Optimization results 
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(a) Frame A                                        (b) Frame B                                     (c) Frame C 
Fig. 6: Generation history for three population sizes  
The generation histories of the optimization processes of exemplar frames are shown in Fig. 6. As can 
be seen, the number of generations required for convergence is different for different runs with different 
population sizes. In the same population of solutions, the different runs of GA with different random 
seeds also lead to the same solution. In general, the number of generations required for convergence 
reduces as the population size increases.  
Table 2: The result of optimum solutions for three exemplar frames  
Frame Span 
(m) 
Height 
(m) 
Pitch 
(degree) 
Bay spacing 
(m) 
Wind pressure
(kN/m2) 
Column 
sections 
Rafter 
sections 
Unit cost 
(AUD/m) 
A 15 3 21 3.17 1.45 BBC25024 BBC25024 248.19 
B 20 4 21 2.95 0.91 BBC25024 BBC25024 355.60 
C 25 5 20.9 2.16 0.68 BBC25024 BBC25024 606.80 
It can be seen from Table 2 that real-coded GA results in an optimum pitch that matches with results in 
the graph from Subsection 4.4. It can also be seen that the optimum frame spacings obtained by real-
coded GA are smaller than the 4 m frame spacing used in Section 4 to achieve a cheaper unit cost. The 
unit cost in optimum frame topography from Table 2 is lower than in the three exemplar frames from 
Table 1 by 23.3% - 35.5%. This demonstrates the need of topography optimisation covering both pitch 
and frame spacing. 
6. PARAMETRIC STUDY AND DESIGN RECOMMENDATIONS 
6.1. Parametric study 
As can be seen in the previous section, the topography of the frame has the considerable effect on unit 
cost of cold-formed steel building and the optimum solution can be achieved by applying a real-coded 
GA. Determining the optimum topography and frame spacing for frames having different spans and 
column heights located in some typical wind regions in Australia can be useful as a design aid for 
engineers. 
Portal frames with four different column heights will be considered: 3 m, 4 m, 5 m and 6 m. Each 
column height will be combined with five different frame spans: 5 m, 10 m, 15 m, 20 m and 25 m. Each 
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frame is assumed to be located in three typical wind regions in Australia, namely region A1, region W 
and region C. The other loads are identical to those used in Section 4. 
It can be seen from Fig. 6 that with the assumption of full lateral restraints, the optimum frame spacing 
reduces as the span or column height increases. For instance, optimum frame spacing decreases 
considerably when frame span increases from 10 m to 15 m in the wind region A1 and W, while this 
reduction in frames having spans more than 15 m is not as steep. In the high pressure wind region (region 
C), the contour graph of optimum bay spacings is rather steep in the range of span varied from 5 m to 10 
m and slightly shallow with frames having spans larger than 10 m. Interestingly, the optimum cross-
section determined from the algorithm is the same for column and rafter members in each frame, known 
as back-to-back channel section of BBC25024. The minimum unit cost can also be achieved similarly to 
C-single section of C25024 with half frame spacings from Fig.6. In different wind regions, the frame with 
the same geometry has larger optimum frame spacing in the low pressure wind region than in high 
pressure wind region.  
          
(a) Wind region A1                   (b) Wind region W                       (c) Wind region C 
Fig. 6: Contour graphs of optimum frame spacings (m) for BBC25024 cross-section 
         
(a) Wind region A1                     (b) Wind region W                     (c) Wind region C 
Fig. 7: Contour graphs of optimum rafter’s pitch (degree) 
As illustrated in Fig. 7, the optimum pitch of rafter increases as length of span increases from 5 m to 
25 m. With spans greater than 10 m, changing the optimum pitch is similar in three researched wind 
regions for frames with different column heights. The slope of rafter is steepest in the frames having a 
maximum span of 25 m. The result can be related to the behaviour of “arch effect” in the structure. In 
contrast to relationship with span, there is a decrease in optimum pitch as column height increases. This 
reduction is due to the effect of wind pressure on the height to apex of frame. 
732  D.T. PHAN et al. / Procedia Engineering 14 (2011) 724–733
6.2.  Design recommendations for optimum topography 
From the results in the parametric study, it can be seen that optimum pitch is larger than 10 degrees 
that is commonly used for practical design. For frame spacings less than 10m, some comments on 
optimum frame spacings and optimum section with the objective function being minimum unit cost per 
unit length are as follows: 
y The optimum frame spacings are reasonable for frame spans larger than 12 m (Fig. 6a) and 10 m 
(Fig. 6b) in the wind region A1 and wind region W, respectively. In contrast, the optimum frame 
spacing will be more feasible if designer uses C-single section of C25024. With the length of 
span between 10 m and 15 m, the optimum frame spacings can be used for either section of 
C25024 or BBC25024. 
y In the high pressure wind region as in region C, optimum frame spacing is rather small when 
frame span is larger than 15 m (see Fig. 6c) with optimum section of BBC25024. So, it will be 
more feasible if the larger back-to-back channel sections are used in these cases. However, the 
unit cost will certainly increase compared with minimum unit cost. With the length of span less 
than 10 m, the optimum frame spacings can be used for either section of C25024 or BBC25024.  
7.  CONCLUSIONS 
The optimum topography of a cold-formed portal steel frame has been determined using real-coded 
GA with assumptions of full lateral restraint and constraint that the frame spacing is less than 10 m. The 
optimal solutions from real coded GA have been verified and satisfied all the design constraint in this 
research. Due to its simplicity of real coding, proposed optimum technique described here can be applied 
to a wide variety of optimization problems. 
Compared with the popular practical design, say pitch of 10 degrees, it is noticed that the optimum 
pitch of rafter should be larger than 10 degrees. For optimum bay spacing, minimum cost will be achieved 
when designer changes frame centers more than 4 m with small frame span, say 15 m, in the low and 
medium pressure wind regions. For the high pressure wind regions, this study gives the feasible frame 
centers when frame spans are less than 20 m. In this research, unit cost in optimum frame topography is 
lower than in common practical designs by 23.3% - 35.5%. However, the results will be more reasonable 
if the optimum design of purlins, cladding and other user requirements is included in the optimization 
process. The work presented here can be considered as a first step towards globally optimizing 
topography of steel portal frames. 
Proposed further work would involve the design of the purlins, side rails and sheeting, and also to take 
serviceability deflection limits into account.  
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